ABSTRACT A high-selectivity low-profile filtering end-fire antenna is proposed using a bandstop filtering (BSF) element integrated into the feedline of the conventional quasi-Yagi antenna. Three transmission zeros (TZs) and six transmission poles (TPs) of the BSF element can be obtained through the odd-even mode equivalent circuit analysis and calculation. With the help of TP and TZ of the BSF element, an additional resonant mode within the operating band and additional radiation null at the upper band edge of the antenna can be obtained, respectively. Consequently, the impedance bandwidth and frequency selectivity of the proposed antenna can be improved compared with the conventional quasi-Yagi antenna. For demonstration, an antenna is fabricated whose measured results exhibit a stable end-fire gain response with two radiation nulls close to two sides of the operation band.
I. INTRODUCTION
Filtering antenna, co-design of filtering circuit and antenna, has received increasing research interests since it can reduce the size and enhance the performance of the RF components with no need of additional transmission line connection for current and future 5G wireless communication systems [1] , [2] . Various types of antennas have been developed to acquire the filtering functionality, such as filtering patch antennas [2] - [6] , dielectric resonator antennas [7] - [9] , and printed monopole antennas [10] - [12] . Both of the reflection coefficients and antenna gains are having filter-like frequency responses.
Many approaches have been investigated to achieve filtering antennas for wireless system applications, of which two main ways can be summarized. One is a filter synthesis approach, which is focused on the design of bandpass filter (BPF), and then integration with antenna by taking the antenna radiator as the last-stage resonator of the filter [2] , [10] . The other one is an antenna fusion approach, which is targeting at the design of antenna, whose filtering function is realized by employing parasitic elements into the radiator or the feeding circuit to yield radiation nulls close to the operating band [4] , [13] . For the first approach, it can be easily and flexibly designed at any frequency band of interest, but it will occupy a relatively large size. For the second method, it has an advantage of compact size since no specific filtering circuits are involved, but the parasitic elements cannot synthetically re-tuned in general if the desired frequency band or other specifications are changed.
In this paper, the first approach is developed through using a bandstop filter instead of bandpass filter to realize high frequency selectivity, thus the filtering circuit size will be smaller. On the other hand, planar quasi-Yagi end-fire antennas are very attractive and have been extensively explored in the past two decades [14] - [17] due to the advantages of low profile, light weight, small size, low cost and easy integration with RF front-end circuits. Therefore, a quasi-Yagi antenna integrated with a compact bandstop filtering (BSF) element is investigated in this paper. The main elements of the quasi-Yagi antenna include the feeding structure or balun, dipole driver, director and reflector. Generally, the balun feeding provides high selectivity at the lower band-edge of the antenna frequency response since it intrinsically has the high-pass filtering characteristics. To improve the frequency selectivity of upper band-edge, our method is embedding a BSF element into the quasi-Yagi antenna to obtain a radiation null at the upper band-edge of radiation gain curve.
The remained parts of this paper are organized as follows. In Section II, a broadband filtering antenna integrated with a BSF element is designed and analyzed. Then, the proposed filtering antenna is experimentally measured and compared with some recently reported counterparts in Sections III. Finally, a brief conclusion is given in Section IV.
II. DESIGN OF FILTERING END-FIRE ANTENNA
A conventional quasi-Yagi end-fire antenna is designed on a low-cost substrate with relative permittivity of 2.65, thickness of 1 mm and loss tangent of 0.006. The structure is as shown in Fig. 1(a) and (b) , which consists of a microstrip feedline, an L-shaped dipole driver, a parasitic strip director and metal ground. The feedline, parasitic strip and half of the L-shaped dipole are on the top layer of the substrate, while the other half dipole is set on the bottom layer of the substrate with the ground. Fig. 1(c) illustrates the simulated results of this quasi-Yagi antenna using Ansys HFSS [18] . It can be observed that there are two radiation nulls at the lower band-edge of radiation gain curve, generated by the balun from unbalanced microstrip line to balanced dual-line structure. However, the frequency selectivity at the upper band-edge is low due to no radiation null existing. Traditionally, a bandpass filtering circuit was integrated with the antenna structure to improve the radiation selectivity. In this work, a BSF element is introduced for the selectivity improvement, which has a significant advantage as explained below.
For the upper band-edge of the antenna gain, the transition band-edge from lower passband to stopband is used as the BSF element, while as its counterpart BPF element, the transition from in-band to upper stopband is utilized. Therefore, in order to sharpen the upper band-edge roll-off at the same frequency, the center frequency of the BSF element needs to be higher than that of the BPF one, resulting in smaller size compared with traditional methods using BPF structure.
A. ANALYSIS OF THE BANDSTOP FILTERING ELEMENT
The proposed BSF element is shown in Fig. 2(a) , which consists of two transmission paths using two strips with different electrical lengths and two stubs loaded close to the input/output ports. The electrical length of Path 2 (θ 2 ) is set as twice of Path 1 (θ 1 ), and the electrical length of stub is set as half of the θ 1 , i.e., θ 2 = 2θ 1 = 4θ 3 . Due to the symmetrical structure, it can be analyzed by using odd-and even-mode method [19] , whose even-mode and odd-mode equivalent circuits are shown in Fig. 2 (b) and (c), respectively.
The even-mode input impedance of Fig. 2(b) can be expressed by where
and the input reflection is
Likewise, the odd-mode input impedance can be obtained
where
Similarly, the corresponding input reflection is Therefore, the transmission and reflection coefficients of the proposed BSF element can be obtained as
Through calculation by setting S 21 =0, three transmission zeros (TZs) within the stopband at the frequency range from 0 to 2f 0 (f 0 : the required center frequency of BSF element) will be obtained, shown as follows
The middle TZ f tz2 is at the center frequency f 0 , while the other two TZs f tz1 and f tz3 are symmetrical on f 0 as shown in Fig. 3 . When the impedance ratio of Z 1 to Z 2 increases, the f tz2 remains fixed but the f tz1 and f tz3 will move close to the f tz2 . The frequency of f tz1 changes between 0.5f 0 and f 0 , while the f tz3 is tuned between f 0 and 1.5f 0 .
With the help of stubs in the designed BSF element shown in Fig. 2 , the performance can be further improved, while the number and positions of TZs remain the same. Fig. 4 illustrates the simulated responses of BSF element with stubs compared to its counterpart without stubs, which can be seen that the suppression within the stopband is much better and four more TPs at out-of-band (passband) are generated (i.e., three TPs at each side of the stopband).
To calculate the positions of TPs, we can set 1/Z ine =0 for even-mode equivalent circuit shown in Fig. 2(b) , consequently, the equation (1a) can be rewritten as Four TPs at the frequency range from 0 to 2f 0 will be obtained, shown as follows,
Similarly, another two TPs between 0 and 2f 0 will also be obtained when 1/Z ino = 0 is set for the odd-mode equivalent circuit, expressed as
The equations 6(a)-(f) are the six TPs of the designed BSF element, which are corresponding to Fig. 4 . Among them, the two located at 0 and 2f 0 are independent while the other four TPs can be tuned by changing the characteristic impedances of the strips and stubs. 
B. DESIGN OF THE FILTERING ANTENNA
The BSF element is utilized to suppress the out-of-band radiation of the conventional quasi-Yagi antenna at upper stopband frequencies for high selectivity. Seen from Fig. 1(c) , the operation band of the antenna is from 3.5 to 4.8 GHz. Therefore, when the BSF element is integrated into the antenna as shown in Fig. 5 , the first TZ f tz1 within the stopband of the BSF element should be designed at slightly larger than 4.8 GHz. Through calculation and optimization, the final parameters of the designed filtering antenna are as follows (unit: Fig. 6 (a) compares the simulated |S 11 | of the designed filtering antenna with its counterpart conventional quasiYagi antenna. For the lower transition band-edge, the rolloff rate of the reflection coefficient almost remains the same. In contrast, the upper transition band-edge roll-off rate of the reflection coefficient will be sharpened, because an additional resonant mode within the operating band will be obtained with the help of the third TP f tp3 of the BSF element. The first two resonant modes are generated by the dipole driver and strip director of the quasi-Yagi antenna, while the third one is introduced by the BSF element, resulting in bandwidth enhancement and frequency selectivity improvement at the upper transition band-edge.
The simulated gain comparisons between the conventional quasi-Yagi antenna and the proposed filtering antenna are illustrated in Fig. 6(b) . Similarly, the upper transition bandedge roll-off rate of the gain has been significantly improved since an additional radiation null is introduced with the help of the first TZ f tz1 of the BSF element. For the lower transition band-edge, it remains unchanged.
III. ANTENNA IMPLEMENTATION A. EXPERIMENT
The proposed filtering antenna has been fabricated on the above-mentioned low-cost F4B substrate, and a 50 SMA connector is used to feed the antenna for measurement, whose fabricated photograph is shown in Fig. 7. Fig. 8 illustrates the simulated and measured reflection coefficients and gains of the designed filtering antenna, which are basically in good agreement with the simulations. The measured impedance bandwidth defined by |S 11 | < −10 dB is 34.1% (from 3.65 to 5.15 GHz). Within this operating frequency range, the measured antenna gain is very stable, varying between 4 and 5.1 dBi. Three resonant modes in the operation band and two radiation nulls at two sides of the operation band can be observed.
For indicating the radiation performance of the fabricated filtering end-fire quasi-Yagi antenna, its radiation patterns at different frequencies are also measured. The comparisons of simulated and measured radiation patterns in E-and H-plane at 4 and 4.5 GHz are plotted in Fig. 9 . It can be observed that the proposed antenna has end-fire directional patterns and low cross-polarization levels in both E-and H-planes within the frequency band. The measured patterns agree well with the simulated ones.
B. COMPARISON
To address the advantages of the proposed antenna, the performances of some other reported filtering antennas are VOLUME 7, 2019 tabulated in Table 1 for comparison. The design method in [2] is to directly cascade a high-order bandpass filter with patch antenna, which is straightforward but at the expense of circuit size occupation and multiple substrate-layer cost. In [4] and [13] , the etched slots applied in the patch antennas are to generate radiation nulls, however, the impedance bandwidth is limited even if the stacked patch is employed with relatively high profile. Although the filtering antenna in [20] is of small size due to dipole topology, its gain is relatively low. In [21] , the shorting pins are used instead of filtering circuits, thus no extra insertion loss is introduced which increases the gain indirectly. Nevertheless, the impedance bandwidth is narrow and the antenna size is considerable because of its large ground plane. Compared with the above five filtering antennas, our proposed work demonstrates various advantages such as multiple radiation nulls, broad impedance bandwidth, low profile and compact size occupation with simple structure.
IV. CONCLUSION
A new filtering end-fire antenna integrated with a compact BSF element is investigated, in which the BSF element can introduce an additional resonant mode and radiation null. Compared with the conventional quasi-Yagi antenna, the impedance bandwidth and frequency selectivity of the proposed antenna have been improved. The measured results demonstrate a stable gain response with high selectivity and end-fire directional patterns. 
